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oThe emergence of nematic electronic states accompanied by a structural phase transition is a recurring theme
in many correlated electron materials, including the high-temperature copper oxide– and iron-based supercon-
ductors. We provide evidence for nematic electronic states in the iron-chalcogenide superconductor FeSe0.4Te0.6
from quasi-particle scattering detected in spectroscopic maps. The symmetry-breaking states persist above
Tc into the normal state. We interpret the scattering patterns by comparison with quasi-particle interference
patterns obtained from a tight-binding model, accounting for orbital ordering. The relation to super-
conductivity and the influence on the coherence length are discussed.w
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 INTRODUCTION
The crystal structure of iron-based superconductors, similar to that of
cuprate-based high-temperature superconductors, consists of quasi–
two-dimensional iron-pnictide or iron-chalcogenide layers with an iron
square lattice at their center (1, 2). Some of the materials undergo a
structural phase transition to an orthorhombic phase in the iron pnic-
tides accompanied by a magnetic phase transition, breaking C4 sym-
metry (3). In both iron-based superconductors and cuprates, the
symmetry-breaking states emerge on the underdoped side of the phase
diagram, where superconductivity is suppressed and the transition to a
magnetically ordered phase takes place (3–6). Nematic electronic states
have also been detected in systems that exhibit a quantum critical point,
indicating an intimate relationship between electronic correlations and
nematic ordering (7, 8). With a number of techniques [for example,
scanning tunneling microscopy (STM) (4, 9, 10), angle-resolved photo-
emission spectroscopy (ARPES) (11), optical spectroscopy (12), and
transport (13)], anisotropy in the electronic states, which appears far
too large to be explained in full by the orthorhombic distortion, has been
found. In BaFe2(As1−xPx)2, torque magnetometry shows signatures of
electronic anisotropy at temperatures above the structural and magnetic
phase transition (14). Specifically, the surprisingly strong resistivity an-
isotropy observed in Co-doped iron-based superconductors (15) has
been successfully described by anisotropic scattering at impurities (16),
which locally pin nematic fluctuations (17). The role of electronic nemat-
icity in the context of superconductivity and its relation to the magne-
tostructural phase transition found in iron-based superconductors
remain unclear. Theoretically, the anisotropies in transport and the
electronic structure can be accounted for by including symmetry
breaking via orbital or magnetic order (18–20). Orbital order leads
to a reconstruction of the Fermi surface, as does magnetic order (21).
The key question is: what is the role of these nematic states with
respect to superconductivity? Although there is growing evidence that
magnetic fluctuations are responsible for the emergence of super-
conductivity in the iron-based materials (22), it can also be mediated
through a coupling of Cooper pairs by orbital fluctuations, albeit witha different order parameter (23). Even if they are not the dominant cou-
pling mechanism, orbital fluctuations have been shown to strengthen
pairing in spin fluctuation–mediated coupling (24). Both can lead to
anisotropy once static order sets in.
The iron-chalcogenide superconductor FeSe0.4Te0.6 becomes super-
conducting at Tc ≈ 14 K (25) and maintains tetragonal symmetry in
both the normal and the superconducting state down to 4 K; no phase
transition from a tetragonal to an orthorhombic lattice structure has
been reported (26, 27), neither has static magnetic order been found
(27). In neutron scattering, low-energy spin excitations are observed
at a wave vector (1/2, 1/2, L) with a resonance consistent with s± pairing
(28, 29), which is the same as that in iron-pnictide superconductors (30)
and different from the magnetic ordering vector in Fe1+yTe (27, 31).
Here, we present a quasi-particle interference (QPI) study of a single
crystal of FeSe0.4Te0.6 by STM.We illustrate breaking ofC4 symmetry in
both the superconducting and normal states, and discuss its role in the
formation of Cooper pairs at low temperatures. Further, we compare
our results to QPI patterns calculated from a tight-binding model.
We discuss possible origins of the symmetry breaking.RESULTS
Among the iron-based superconductors, the iron chalcogenides are par-
ticularly well suited for STM experiments: they have a well-defined
cleavage plane and expose a nonpolar surface, and from low-energy
electron diffraction (32, 33) and ARPES (33), there is no indication of
a surface reconstruction or the formation of surface states. STM topog-
raphies of our sample (for details of growth and characterization, see
Materials and Methods and fig. S1) recorded after cleaving at low tem-
perature show a surface as in Fig. 1A, yielding atomic resolution. The
surface layer imaged by STMconsists of the chalcogen ions seleniumand
tellurium that are imaged with different apparent heights, in agreement
with previous STM studies (33, 34). The ionic radii of selenium and tell-
urium suggest that atoms imaged higher (brighter) are tellurium atoms
and atoms imaged lower (darker) are selenium atoms (35). This assign-
ment is consistent with a composition analysis (Fig. 1D, fig. S2, and
note S1) on the basis of the apparent heights, which yields a
composition within a few atomic percent of the one determined from
energy-dispersive x-ray (EDX) measurements (36). We do not observe
excess Fe atoms in STM images of this sample, which normally showup
asprotrusions in the topographyandhavedistinct spectroscopic signatures.1 of 6
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 Fourier transformation of the topographic image (Fig. 1C) shows no
sign ofC4 symmetry breaking. Spatial maps of the superconducting gap
(Fig. 1E) show a gap inhomogeneity on the order of 20% (Fig. 1F) (36).
Spectroscopic maps acquired at a temperature of T = 2.1 K over an
extended surface area allow us to investigate the electronic structure in
both real and momentum space. The dominant scattering vectors,
which reveal information about the electronic structure of the material,
can be extracted by analyzing the Fourier components of constant
energy cuts through these measurements. Spatial maps of the differen-
tial conductance g(x,V) (Fig. 2, A to C) can be taken as proportional to
the local density of states. In Fig. 2 (D to F), the Fourier transforms g˜ðq;V Þ
of the data in Fig. 2 (A toC) are shown.Weobserve a clear difference in the
scattering patterns between the twonearest-neighbor Fe-Fe directions (that
is along the x and y axes in Fig. 2D), which are equivalent for a tetragonal
crystal structure. The symmetry breaking becomes more pronounced at
negative bias voltages. Its characteristic wave vector shows only weak dis-
persion across the Fermi energy. This can be seen inmore detail from line
cuts taken along the nearest-neighbor Fe-Fe directions (Fig. 3, A and B),
in which we can trace the symmetry-breaking states (bright peaks) as a
function of energy. The wave vector indicates that the unidirectional
modulation along the x axis occurs with an approximate periodicity
of 4 nm (see also fig. S3, where the same conclusion is reached from
an analysis of the autocorrelation).Singh et al. Sci. Adv. 2015;1:e1500206 16 October 2015To clarify the relation of these symmetry-breaking states to super-
conductivity, we have taken maps at a temperature of T = 16 K (>Tc).
The data show that the symmetry-breaking excitations persist into the
normal state, and superconductivity forms on top of these excitations. In
a line cut through the Fourier transform of differential conductance maps,
it can be seen that the characteristic wave vector of the symmetry-breaking
states, which becomes gapped in the low-temperature measurements be-
cause of superconductivity, cannowbe traced across the Fermi energy (Fig.
3, C andD, and fig. S4).We showaquantitative analysis of the dominant
scattering vector in Fig. 3E. The magnitude of this vector is
jqj ≈ 0:12p
aFe‐Fe
¼ 2p=16aFe‐Fe
along the nearest-neighbor Fe-Fe direction below and aboveTc; it slight-
ly decreases with increasing energy. A similar anisotropic scattering
vector has been observed in the orthorhombic phase in thin films of
FeSe by STM (37) and recently in bulk FeSe (38). The magnitude of
the dominant symmetry-breaking wave vector is substantially smaller
than what has been observed in 122 compounds (4).
An analysis of the autocorrelation of spatial maps of the supercon-
ducting gap as in Fig. 1E reveals strong anisotropy in the decay length of
the correlation coefficient in a direction parallel or normal to the wave
vector of the symmetry-breaking excitations (Fig. 4A). The decay length
of the autocorrelation is a measure for the superconducting coherence
length. It can be seen that the main directions coincide with those of the
symmetry-breakingmodulations. Fits of an exponential decay to horizon-
tal and vertical line cuts yield characteristic length scales of xx = 1.38 nm
and xy=3.0 nm (Fig. 4B). The superconducting coherence length is sup-
pressed in the direction perpendicular to the stripe-like modulations
(parallel to their wave vector), whereas it is enhanced parallel to them.
The interplay between nematic order and superconductivity, as well as
the anisotropic behavior of the superconducting coherence length, has
been studied theoretically, showing that a small anisotropy in the
hopping parameters can lead to substantial anisotropy in the coherence
length (39, 40). The anisotropy of the coherence length that we observe
is similar to the one found near vortex cores in FeSe (37), with the
difference that FeSe has an orthorhombic crystal structure, which
breaks C4 symmetry.0.5 1.0 1.5 2.0 2.5
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Fig. 1. Composition analysis from the topography and spatial map of
the superconducting gap. (A) STM topography of FeSe Te taken with0.4 0.6
bias voltage V = 80mV and tunneling current I = 2.0 nA at 2.1 K. The inset is
a close-up of the atomically resolved chalcogenide layer. (B) Schematic of
the atomic structure of Fe(Se,Te), oriented as in the topography (not to
scale). (C) Fourier transform of the topographic image shown in (A). Bragg
peaks associated with tellurium/selenium (qCh) atoms are visible. (D) Histo-
gram of the height of Se/Te atoms in (A); the composition is obtained from
twoGaussians fitted to thehistogram. The result (37±4%Se and63±4%Te)
closely matches the composition determined by EDX (see also fig. S2 and
note S1). (E) Spatial map of the size of the superconducting gap in an area
of 50 × 50 nm2, taken at T = 2.1 K. (F) Histogram of the gap size for themap
in (E).y
x
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Fig. 2. Symmetry-breakingQPI inFeSe0.4Te0.6. (A toC) Spectroscopicmaps
of thedifferential conductanceg(x,V) takenatT=2.1K (50×50nm2,V=40mV,
I=0.3 nA, Vmod = 600 mV). (D to F) Processed Fourier transform images g˜(q, V)
obtained from (A) to (C) (see note S2 for details of data processing).2 of 6
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and spatial inhomogeneity of the superconducting gap, we show in
Fig. 4C the correlation between a low-pass filtered map obtained at a
bias voltage where the symmetry-breaking excitations are visible (see
also fig. S5A and note S3) and a gap map obtained in the same fieldSingh et al. Sci. Adv. 2015;1:e1500206 16 October 2015
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 of view (Fig. 1E), revealing an anticorrelation between the two: where
the intensity in the low-pass filtered map is high, the local supercon-
ducting gap size tends to be smaller and vice versa. Comparison of a
gap map to a map of the strength of the order parameter of the
symmetry-breaking states reveals a far smaller and less reproducible
correlation (fig. S5, B and C).
We can model the anisotropy in the QPI pattern by considering a
tight-binding model (note S4). We use the five-band model by Graser
et al. (41), with appropriate renormalizations of the bands to ensure
consistency with ARPES measurements (33). We include orbital split-
ting by imposing different occupations for the dxz and dyz orbitals, which
leads to a ferro-orbital ordering (21, 42, 43). A tight-binding model in-
cluding orbital ordering has been previously used to describe the anisotro-
py of vortex cores in FeSe (40).Wehave not consideredmagnetic ordering
because there is no evidence for static magnetic order in FeSexTe1−x
through a wide range of the phase diagram (26, 44), apart from pure FeTe
(27, 31). Figure 5 (A and B) shows the Fermi surface calculated from the
tight-binding model with tetragonal symmetry and the associated joint
density of states (JDOS) to model the QPI pattern. Lifting the degeneracy
between the dxz and dyz orbitals by imposing an orbital splitting leads to a
distortion of the Fermi surface (Fig. 5C) and consequently to anisotropic
QPI scattering (Fig. 5D). The dominant scattering vectors with orbital
splitting are the two pronounced maxima near q = 0. This conclusion re-
mains valid when accounting for the orbital character in the QPI calcula-
tion (see note S5 and fig. S7). The magnitude of this prominent scattering
vector sensitively depends on the amount of orbital splitting introduced,
although it showsonly a littledispersion (compare fig. S6C). It can therefore
be used to estimate the amount of orbital splitting (see Fig. 5E). Compar-
ison to the q vector of the symmetry-breaking states in our data, which
is |q|≈ 0.12p/aFe‐Fe, allows us to estimate the amount of orbital splitting
to 8 meV (marked by a green arrow in Fig. 5E), substantially less than
the 60 meV that has been extracted for the 122 compounds (11). This
orbital splitting would correspond to a temperature scale of 50 K. The
precise value sensitively depends on the band renormalization. In a recent
ARPES study, the opening of a gap near the G point has been reported,
which can be interpreted in terms of an orbital splitting of ~18 meV for
FeTe0.55Se0.45 (45), somewhat larger than what we found.0 0.1 0.2
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Fig. 3. Analysis of QPI. (A and B) Line cuts in horizontal and vertical
directions from the center in Fig. 2 (D to F). A clear anisotropy is seen at neg-
ative bias voltages, where the horizontal cut along the Fe-Fe direction shows
strong scattering at |q| = 0.12p/aFe-Fe, where aFe-Fe is the atomic distance be-
tween two Fe atoms. (C and D) Line cuts as in (A) and (B) obtained from a
map measured at T = 16 K > Tc (see also fig. S4). (E) Magnitude |q| of the
dominant scattering vector due to the symmetry-breaking state as a
function of energy. The symmetry-breaking excitations persist above Tc. ober 16, 2015d /d (a.u.)I V
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Fig. 4. Relationbetween symmetry-breakingexcitations and superconductivity. (A) Autocorrelationof agapmap (38×38nm2). (B) Line cuts (blue andgreen
symbols) that are extracted alonghorizontal and vertical directions in (A) are fitted by an exponential decay function and yield decay lengths xx=1.38 nmand
xy = 3.0 nm. (C) Correlation plot between a low-pass filtered conductance map taken at V = −4.5 mV (see also fig. S5) and the local gap size in Fig. 1E. A clear
anticorrelation (correlation coefficient ~−0.5) is found.3 of 6
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 DISCUSSION
In the iron chalcogenides, the parent compound FeTe does exhibit a
magnetic and a structural phase transition but with a different ordering
wave vector (27); hence, the symmetry breaking does not directly derive
from the magnetostructural phase transition of the nonsuperconducting
parent compound. Pure FeSe exhibits an orthorhombic phase transition
and shows orbital modification above its structural transition (46) and
anisotropic scatteringpatterns in STM(37,38) in theorthorhombicphase
similar to the ones we report here. Even upon suppression of the struc-
tural phase transition, which has been reported to occur around x= 0.5 in
FeSexTe1−x (26), our results indicate that the electronic structure remains
unstable against a reduction of symmetry from C4 to C2. This is in line
with orbital excitations found in neutron scattering near x = 0.5 (47). In
contrast to the iron pnictide compounds, where a similar anisotropy has
been found in a number of observables, no spin density wave order has
been reported for FeSexTe1−x with x > 0.2 (26, 44), supporting an inter-
pretation in terms of local orbital ordering (40). Our data cannot dis-
criminate between scenarios in which the electronic nematicity is
induced by nematic fluctuations or driven by the structural distortion
(48). Similar to our results, recent measurements show that nematicity
not only develops at higher temperatures than where the orthorhombic
distortion can be detected (14, 46) but also survives into the nonmagneticSingh et al. Sci. Adv. 2015;1:e1500206 16 October 2015superconducting regime of the phase diagram in BaFe2(As1−xPx)2 where
the lattice structure is tetragonal (14). In this picture, the orbital excitations
and nematic fluctuations detected in neutron scattering near x = 0.5 (47)
become frozen out around defects and cause anisotropic scattering of
charge carriers (17). A similar scenario could apply to anisotropic spin fluc-
tuations, which have been detected in pnictides (49–51). An interpretation
in terms of frozen fluctuations fits well with anisotropic states induced by
cobalt defects in the Fe square lattice (16) and the resistivity anisotropy ob-
served in cobalt-doped samples (15). Our samples have not been doped
with impurities that would occupy the iron site; the major impurities are
excess iron atoms that reside between the iron-chalcogenide planes. A
possible explanation for the symmetry-breaking excitations seen in our
sample is strain, for example, building up during cooldown because of
thermal contraction,whichmight impose a small asymmetry in the orbital
couplings. High sensitivity of iron-based superconductors to small strains
has been previously reported (52). This interpretationwould be consistent
with our failure to observe domains of the symmetry-breaking states.
We observe an anticorrelation of the local size of the superconducting
gap with a low-pass filtered map obtained at −4.5 mV. This anticorrelation
can have a number of origins. Given that the dominant nonzero
scattering vector at this energy is due to the symmetry-breaking states,
this could indicate a competitive relationship with superconductivity;
alternatively, because of the distortion of the Fermi surface, the super-Orbital splitting ∆ (meV)
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Fig. 5. Comparison with the tight-binding model. (A) Fermi surface of FeSe0.4Te0.6 as obtained from a tight-binding calculation in the normal state.
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regions with strong scattering patterns might exhibit an average
gap size different from that in regions with low-intensity patterns. This
interpretation would also rationalize the observed inhomogeneity of the
superconducting gap size. Because of the small coherence length, the
modulation in the local density of states due to the symmetry-breaking
states can also lead to a change in the local gap size.
In summary, we have observed anisotropic QPI scattering along the
Fe-Fe direction in Fourier transform maps, indicating C4 symmetry
breaking inaFeSe0.4Te0.6 superconductor.Ananalysisof theautocorrelation
of gap maps shows evidence of an anisotropic superconducting coherence
length along nearest-neighbor Fe-Fe directions, with a reduced coherence
length in thedirectionof thedominantq vector of the symmetry-breaking
excitations. The local intensity in a low-pass filteredmap of the nematic
excitations is found to anticorrelate with the local gap size. Comparison
of theQPI datawith tight-binding calculations including orbital splitting
yields excellent agreement and allows us to estimate the splitting between
dxz and dyz orbitals. Studies with in situ strain tuning (52, 53) may un-
ravel the importance of strain for orbital ordering in iron chalcogenides. o
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 MATERIALS AND METHODS
STM measurements
Measurements were performed with a homebuilt STM operating at a
temperature below 2 K in cryogenic vacuum (54). The instrument allows
for sample exchange and in situ sample cleavage at a temperature below
20 K. Maps were taken at several macroscopically different locations and
with different slow scan directions. The STM tipwasmade frommechani-
cally cut vanadiumwireandcleanedby fieldemissiononasingle crystal gold
sample in situ, ensuring that tunneling spectra were flat. The tip apex was
alsomodified several timesby contact to the surfaceduringmeasurements.
Spectroscopic data were acquired as differential conductance
through a lock-in amplifierwith a smallmodulation voltageVmod added
to the bias voltage. Maps consisting of up to more than 65,000 individ-
ual spectra were analyzed to extract QPI patterns.
Sample growth and characterization
Single crystals of FeSexTe1−x were grown from self-flux. High-purity
elements—99.99% Fe, 99.999% Se, and 99.999% Te—were used in the
growth experiments. Se andTewere additionally purified by zonemelting
to reduce the amount of oxide impurities. The growth of single crystals
was performed in evacuated double quartz ampoules at temperatures be-
tween 1000° and 1100°C. The final treatment of the samples was done at
410°C for 100hours followedbyquenching in icewater. The composition
of the grown samples was investigated by EDX analysis. The phase con-
tent of the sampleswas analyzed by x-ray powder diffraction (CuKa radia-
tion, l = 1.540560 Å) on crashed single crystals using a STADI-P powder
diffractometer (STOE and CIE) with a position-sensitive detector [for
detailed information, see thework of Tsurkan et al. (25)]. Additional char-
acterization of the sample used for STMmeasurements is shown in fig. S1.SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/1/9/e1500206/DC1
Fig. S1. Magnetic susceptibility.
Note S1. Composition analysis from STM data.Singh et al. Sci. Adv. 2015;1:e1500206 16 October 2015Fig. S2. Composition analysis.
Note S2. QPI data processing.
Fig. S3. Unprocessed Fourier transforms and autocorrelation.
Fig. S4. Spectroscopic maps and QPI at 16 K.
Note S3. Correlation with symmetry-breaking states.
Fig. S5. Correlation with symmetry-breaking states.
Note S4. Tight-binding calculation.
Fig. S6. Details of the tight-binding model.
Note S5. JDOS calculation including orbital character.
Fig. S7. JDOS calculation including orbital character.
References (55, 56)REFERENCES AND NOTES
1. D. C. Johnston, The puzzle of high temperature superconductivity in layered iron pnictides
and chalcogenides. Adv. Phys. 59, 803–1061 (2010).
2. G. R. Stewart, Superconductivity in iron compounds. Rev. Mod. Phys. 83, 1589 (2011).
3. I. R. Fisher, L. Degiorgi, Z. X. Shen, In-plane electronic anisotropy of underdoped ‘122’ Fe-
arsenide superconductors revealed by measurements of detwinned single crystals. Rep.
Prog. Phys. 74, 124506 (2011).
4. T.-M. Chuang, M. P. Allan, J. Lee, Y. Xie, N. Ni, S. L. Bud’ko, G. S. Boebinger, P. C. Canfield,
J. C. Davis, Nematic electronic structure in the “Parent” state of the iron-based super-
conductor Ca(Fe1−xCox)2As2. Science 327, 181–184 (2010).
5. S. A. Kivelson, E. Fradkin, V. J. Emery, Electronic liquid-crystal phases of a doped Mott
insulator. Nature 393, 550–553 (1998).
6. Y. Kohsakha, C. Taylor, K. Fujita, A. Schmidt, C. Lupien, T. Hanaguri, M. Azuma, M. Takano,
H. Eisaki, H. Takagi, S. Uchida, J. C. Davis, An intrinsic bond-centered electronic glass with
unidirectional domains in underdoped cuprates. Science 315, 1380–1385 (2007).
7. R. A. Borzi, S. A. Grigera, J. Farrell, R. S. Perry, S. J. S. Lister, S. L. Lee, D. A. Tennant, Y. Maeno,
A. P. Mackenzie, Formation of a nematic fluid at high fields in Sr3Ru2O7. Science 315, 214–217
(2007).
8. E. Fradkin, S. A. Kivelson, M. J. Lawler, J. P. Eisenstein, A. P. Mackenzie, Nematic Fermi fluids
in condensed matter physics. Annu. Rev. Condens. Matter Phys. 1, 153–178 (2010).
9. X. Zhou, C. Ye, P. Cai, X. Wang, X. Chen, Y. Wang, Quasiparticle interference of C2-symmetric
surface states in a LaOFeAs parent compound. Phys. Rev. Lett. 106, 087001 (2011).
10. E. P. Rosenthal, E. F. Andrade, C. J. Arguello, R. M. Fernandes, L. Y. Xing, X. C. Wang, C. Q. Jin,
A. J. Millis, A. N. Pasupathy, Visualization of electron nematicity and unidirectional antifer-
roic fluctuations at high temperatures in NaFeAs. Nat. Phys. 10, 225–232 (2014).
11. M. Yi, D. Lu, J.-H. Chu, J. G. Analytis, A. P. Sorini, A. F. Kemper, B. Moritz, S.-K. Mo, R. G. Moore,
M. Hashimoto, W.-S. Lee, Z. Hussain, T. P. Devereaux, I. R. Fisher, Z.-X. Shen, Symmetry-
breaking orbital anisotropy observed for detwinned Ba(Fe1−xCox)2As2 above the spin density
wave transition. Proc. Natl. Acad. Sci. U.S.A. 108, 6878–6883 (2011).
12. M. Nakajima, T. Liang, S. Ishida, Y. Tomioka, K. Kihou, C. H. Lee, A. Iyo, H. Eisaki, T. Kakeshita,
T. Ito, S. Uchida, Unprecedented anisotropic metallic state in undoped iron arsenide
BaFe2As2 revealed by optical spectroscopy. Proc. Natl. Acad. Sci. U.S.A. 108, 12238–12242
(2011).
13. J.-H. Chu, J. G. Analytis, K. De Greve, P. L. McMahon, Z. Islam, Y. Yamamoto, I. R. Fisher, In-
plane resistivity anisotropy in an underdoped iron arsenide superconductor. Science 329,
824–826 (2010).
14. S. Kasahara, H. J. Shi, K. Hashimoto, S. Tonegawa, Y. Mizukami, T. Shibauchi, K. Sugimoto,
T. Fukuda, T. Terashima, A. H. Nevidomskyy, Y. Matsuda, Electronic nematicity above the
structural and superconducting transition in BaFe2(As(1−x)Px)2. Nature 486, 382–385 (2012).
15. S. Ishida, M. Nakajima, T. Liang, K. Kihou, C. H. Lee, A. Iyo, H. Eisaki, T. Kakeshita, Y. Tomioka,
T. Ito, S. Uchida, Anisotropy of the in-plane resistivity of underdoped Ba(Fe1−xCox)2As2
superconductors induced by impurity scattering in the antiferromagnetic orthorhombic
phase. Phys. Rev. Lett. 110, 207001 (2013).
16. M. P. Allan, T.-M. Chuang, F. Massee, Y. Xie, N. Ni, S. L. Bud’ko, G. S. Boebinger, Q. Wang,
D. S. Dessau, P. C. Canfield, M. S. Golden, J. C. Davis, Anisotropic impurity states,
quasiparticle scattering and nematic transport in underdoped Ca(Fe1−xCox)2As2. Nat. Phys.
9, 220–224 (2013).
17. M. N. Gastiasoro, I. Paul, Y. Wang, P. J. Hirschfeld, B. M. Andersen, Emergent defect states as
a source of resistivity anisotropy in the nematic phase of iron pnictides. Phys. Rev. Lett.
113, 127001 (2014).
18. F. Krüger, S. Kumar, J. Zaanen, J. van den Brink, Spin-orbital frustrations and anomalous
metallic state in iron-pnictide superconductors. Phys. Rev. B 79, 054504 (2009).
19. C.-C. Lee, W.-G. Yin, W. Ku, Ferro-orbital order and strong magnetic anisotropy in the par-
ent compounds of iron-pnictide superconductors. Phys. Rev. Lett. 103, 267001 (2009).
20. W.-C. Lee, C. Wu, Spectroscopic imaging scanning tunneling microscopy as a probe of
orbital structures and ordering. Phys. Rev. Lett. 103, 176101 (2009).5 of 6
R E S EARCH ART I C L E
 o
n
 O
ctober 16, 2015
http://advances.sciencem
ag.org/
D
ow
nloaded from
 21. W. Lv, P. Phillips, Orbitally and magnetically induced anisotropy in iron-based supercon-
ductors. Phys. Rev. B 84, 174512 (2011).
22. A. V. Chubukov, Pairing mechanism in Fe-based superconductors. Annu. Rev. Condens.
Matter Phys. 3, 57–92 (2012).
23. T. D. Stanescu, V. Galitski, S. Das Sarma, Orbital fluctuation mechanism for super-
conductivity in iron-based compounds. Phys. Rev. B 78, 195114 (2008).
24. J. Zhang, R. Sknepnek, R. M. Fernandes, J. Schmalian, Orbital coupling and super-
conductivity in the iron pnictides. Phys. Rev. B 79, 220502(R) (2009).
25. V. Tsurkan, J. Deisenhofer, A. Günther, C. Kant, M. Klemm, H.-A. Krug von Nidda, F. Schrettle,
A. Loidl, Physical properties of FeSe0.5Te0.5 single crystals grown under different conditions.
Eur. Phys. J. B 79, 289–299 (2011).
26. Y. Mizuguchi, Y. Takano, Review of Fe chalcogenides as the simplest Fe-based super-
conductor. J. Phys. Soc. Jpn. 79, 102001 (2010).
27. W. Bao, Y. Qiu, Q. Huang, M. A. Green, P. Zajdel, M. R. Fitzsimmons, M. Zhernenkov, S. Chang,
M. Fang, B. Qian, E. K. Vehstedt, J. Yang, H. M. Pham, L. Spinu, Z. Q. Mao, Tunable (dp, dp)-type
antiferromagnetic order in a-Fe(Te, Se) superconductors. Phys. Rev. Lett. 102, 247001 (2009).
28. Y. Qiu, W. Bao, Y. Zhao, C. Broholm, V. Stanev, Z. Tesanovic, Y. C. Gasparovic, S. Chang, J. Hu,
B. Qian, M. Fang, Z. Mao, Spin gap and resonance at the nesting wave vector in supercon-
ducting FeSe0.4Te0.6. Phys. Rev. Lett. 103, 067008 (2009).
29. D. N. Argyriou, A. Hiess, A. Akbari, I. Eremin, M. M. Korshunov, J. Hu, B. Qian, Z. Mao, Y. Qiu,
C. L. Broholm, W. Bao, Incommensurate itinerant antiferromagnetic excitations and spin
resonance in the FeTe0.6Se0.4 superconductor. Phys. Rev. B 81, 220503(R) (2010).
30. P. Dai, J. Hu, E. Dagotto, Magnetism and itsmicroscopic origin in iron-based high-temperature
superconductors. Nat. Phys. 8, 709–718 (2012).
31. M. Enayat, Z. Sun, U. R. Singh, R. Aluru, S. Schmaus, A. Yaresko, Y. Liu, C. Lin, V. Tsurkan, A. Loidl,
J. Deisenhofer, P. Wahl, Real-space imaging of the atomic-scale magnetic structure of Fe1+yTe.
Science 345, 653–656 (2014).
32. F. Massee, S. de Jong, Y. Huang, J. Kaas, E. van Heumen, J. B. Goedkoop, M. S. Golden,
Cleavage surfaces of the BaFe2−xCoxAs2 and FeySe1−xTex superconductors: A combined
STM plus LEED study. Phys. Rev. B 80, 140507(R) (2009).
33. A. Tamai, A. Y. Ganin, E. Rozbicki, J. Bacsa, W. Meevasana, P. D. C. King, M. Caffio, R. Schaub,
S. Margadonna, K. Prassides, M. J. Rosseinsky, F. Baumberger, Strong electron correlations
in the normal state of the iron-based FeSe0.42Te0.58 superconductor observed by angle-
resolved photoemission spectroscopy. Phys. Rev. Lett. 104, 097002 (2010).
34. T. Hanaguri, S. Niitaka, K. Kuroki, H. Takagi, Unconventional s-wave superconductivity
in Fe(Se,Te). Science 328, 474–476 (2010).
35. X. He, G. Li, J. Zhang, A. B. Karki, R. Jin, B. C. Sales, A. S. Sefat, M. A. McGuire, D. Mandrus,
E. W. Plummer, Nanoscale chemical phase separation in FeTe0.55Se0.45 as seen via scanning
tunneling spectroscopy. Phys. Rev. B 83, 220502 (2011).
36. U. R. Singh, S. C. White, S. Schmaus, V. Tsurkan, A. Loidl, J. Deisenhofer, P. Wahl, Spatial
inhomogeneity of the superconducting gap and order parameter in FeSe0.4Te0.6. Phys. Rev. B
88, 155124 (2013).
37. C.-L. Song, Y.-L. Wang, P. Cheng, Y.-P. Jiang, W. Li, T. Zhang, Z. Li, K. He, L. Wang, J.-F. Jia,
H.-H. Hung, C. Wu, X. Ma, X. Chen, Q.-K. Xue, Direct observation of nodes and twofold
symmetry in FeSe superconductor. Science 332, 1410–1413 (2011).
38. S. Kasahara, T. Watashige, T. Hanaguri, Y. Kohsaka, T. Yamashita, Y. Shimoyama, Y. Mizukami,
R. Endo, H. Ikeda, K. Aoyama, T. Terashima, S. Uji, T. Wolf, H. von Löhneysen, T. Shibauchi,
Y. Matsuda, Field-induced superconducting phase of FeSe in the BCS-BEC cross-over. Proc.
Natl. Acad. Sci. U.S.A. 111, 16309–16313 (2014).
39. E.-G. Moon, S. Sachdev, Competition between superconductivity and nematic order: An-
isotropy of superconducting coherence length. Phys. Rev. B 85, 184511 (2012).
40. H.-H. Hung, C.-L. Song, X. Chen, X. Ma, Q.-k. Xue, C. Wu, Anisotropic vortex lattice structures
in the FeSe superconductor. Phys. Rev. B 85, 104510 (2012).
41. S. Graser, T. A. Maier, P. J. Hirschfeld, D. J. Scalapino, Near-degeneracy of several pairing
channels in multiorbital models for the Fe pnictides. New J. Phys. 11, 025016 (2009).
42. W. Lv, J. Wu, P. Phillips, Orbital ordering induces structural phase transition and the resis-
tivity anomaly in iron pnictides. Phys. Rev. B 80, 224506 (2009).
43. N. Plonka, A. F. Kemper, S. Graser, A. P. Kampf, T. P. Devereaux, Tunneling spectroscopy for
probing orbital anisotropy in iron pnictides. Phys. Rev. B 88, 174518 (2013).
44. N. Katayama, S. Ji, D. Louca, S. Lee, M. Fujita, T. J. Sato, J. Wen, Z. Xu, G. Gu, G. Xu, Z. Lin,
M. Enoki, S. Chang, K. Yamada, J. M. Tranquada, Investigation of the spin-glass regimeSingh et al. Sci. Adv. 2015;1:e1500206 16 October 2015between the antiferromagnetic and superconducting phases in Fe1+ySexTe1−x. J. Phys.
Soc. Jpn. 79, 113702 (2010).
45. H. Miao, L.-M. Wang, P. Richard, S.-F. Wu, J. Ma, T. Qian, L.-Y. Xing, X.-C. Wang, C.-Q. Jin,
C.-P. Chou, Z. Wang, W. Ku, H. Ding, Coexistence of orbital degeneracy lifting and super-
conductivity in iron-based superconductors. Phys. Rev. B 89, 220503(R) (2013).
46. Y.-C. Wen, K.-J. Wang, H.-H. Chang, J.-Y. Luo, C.-C. Shen, H.-L. Liu, C.-K. Sun, M.-J. Wang,
M.-K. Wu, Gap opening and orbital modification of superconducting FeSe above the
structural distortion. Phys. Rev. Lett. 108, 267002 (2012).
47. S.-H. Lee, G. Xu, W. Ku, J. S. Wen, C. C. Lee, N. Katayama, Z. J. Xu, S. Ji, Z. W. Lin, G. D. Gu,
H.-B. Yang, P. D. Johnson, Z.-H. Pan, T. Valla, M. Fujita, T. J. Sato, S. Chang, K. Yamada,
J. M. Tranquada, Coupling of spin and orbital excitations in the iron-based superconductor
FeSe0.5Te0.5. Phys. Rev. B 81, 220502(R) (2010).
48. R. M. Fernandes, A. V. Chubukov, J. Knolle, I. Eremin, J. Schmalian, Preemptive nematic
order, pseudogap, and orbital order in the iron pnictides. Phys. Rev. B 85, 024534
(2012).
49. H.-F. Li, C. Broholm, D. Vaknin, R. M. Fernandes, D. L. Abernathy, M. B. Stone, D. K. Pratt, W. Tian,
Y. Qiu, N. Ni, S. O. Diallo, J. L. Zaretsky, S. L. Bud’ko, P. C. Canfield, R. J. McQueeney, Anisotropic
and quasipropagating spin excitations in superconducting Ba(Fe0.926Co0.074)2As2. Phys. Rev. B
82, 140503(R) (2010).
50. S. Ibuka, Y. Nambu, T. Yamazaki, M. D. Lumsden, T. J. Sato, Anisotropic inplane spin cor-
relation in the parent and Co-doped BaFe2As2: A neutron scattering study. Phys. C, 507,
25–30 (2014).
51. X. Lu, J. T. Park, R. Zhang, H. Luo, A. H. Nevidomskyy, Q. Si, P. Dai, Nematic spin correla-
tions in the tetragonal state of uniaxial-strained BaFe2−xNixAs2. Science 345, 657–660
(2014).
52. J.-H. Chu, H.-H. Kuo, J. G. Analytis, I. R. Fisher, Divergent nematic susceptibility in an iron
arsenide superconductor. Science 337, 710–712 (2012).
53. C. W. Hicks, D. O. Brodsky, E. A. Yelland, A. S. Gibbs, J. A. N. Bruin, M. E. Barber, S. D. Edkins,
K. Nishimura, S. Yonezawa, Y. Maeno, A. P. Mackenzie, Strong increase of Tc of Sr2RuO4
under both tensile and compressive strain. Science 344, 283–285 (2014).
54. S. C. White, U. R. Singh, P. Wahl, A stiff scanning tunneling microscopy head for measure-
ment at low temperatures and in high magnetic fields. Rev. Sci. Instrum. 82, 113708
(2011).
55. M. P. Allan, A. W. Rost, A. P. Mackenzie, Y. Xie, J. C. Davis, K. Kihou, C. H. Lee, A. Iyo, H. Eisaki,
T.-M. Chuang, Anisotropic energy gaps of iron-based superconductivity from intraband
quasiparticle interference in LiFeAs. Science 336, 563–567 (2012).
56. M. J. Lawler, K. Fujita, J. Lee, A. R. Schmidt, Y. Kohsaka, C. K. Kim, H. Eisaki, S. Uchida, J. C. Davis,
J. P. Sethna, E.-A. Kim, Intra-unit-cell electronic nematicity of the high-Tc copper-oxide
pseudogap states. Nature 466, 347–351 (2010).
Acknowledgments: We are indebted to L. Boeri, F. Kruger, and P. Simon for discussion and
suggestions and to V. Duppel for performing EDX analysis of the samples. Funding: S.C.W. and
P.W. acknowledge partial support through the priority program SPP1458 (WA2510/1-1), and U.R.S.
acknowledges support from the Alexander von Humboldt Foundation. P.W. further acknowledges
support by the Engineering and Physical Sciences Research Council (grant EP/I031014/1). A.L., V.T.,
and J.D. acknowledge support by the German Science Foundation under grant no. DE1762/
1-1 within SPP 1458. Author contributions: U.R.S. and S.C.W. performed STM experiments.
U.R.S., P.W., S.S., and S.C.W. analyzed the data. Samples were grown and characterized by J.D.,
V.T., and A.L. U.R.S. and P.W. wrote the manuscript. All authors discussed and contributed to
the manuscript. P.W. designed the experiment. Competing interests: The authors declare
that they have no competing interests. Data and materials availability: Underpinning data
can be obtained from http://risweb.st-andrews.ac.uk/portal/.
Submitted 13 February 2015
Accepted 2 September 2015
Published 16 October 2015
10.1126/sciadv.1500206
Citation: U. R. Singh, S. C. White, S. Schmaus, V. Tsurkan, A. Loidl, J. Deisenhofer, P. Wahl,
Evidence for orbital order and its relation to superconductivity in FeSe0.4Te0.6. Sci. Adv. 1,
e1500206 (2015).6 of 6
doi: 10.1126/sciadv.1500206
2015, 1:.Sci Adv 
2015)
Alois Loidl, Joachim Deisenhofer and Peter Wahl (October 16, 
Udai R. Singh, Seth C. White, Stefan Schmaus, Vladimir Tsurkan,0.6
Te0.4superconductivity in FeSe
Evidence for orbital order and its relation to
this article is published is noted on the first page. 
This article is publisher under a Creative Commons license. The specific license under which
article, including for commercial purposes, provided you give proper attribution.
licenses, you may freely distribute, adapt, or reuse theCC BY For articles published under 
. here
Association for the Advancement of Science (AAAS). You may request permission by clicking 
for non-commerical purposes. Commercial use requires prior permission from the American 
licenses, you may distribute, adapt, or reuse the articleCC BY-NC For articles published under 
http://advances.sciencemag.org. (This information is current as of October 16, 2015):
The following resources related to this article are available online at
http://advances.sciencemag.org/content/1/9/e1500206.full.html
online version of this article at: 
 including high-resolution figures, can be found in theUpdated information and services,
http://advances.sciencemag.org/content/suppl/2015/10/13/1.9.e1500206.DC1.html
 can be found at: Supporting Online Material
http://advances.sciencemag.org/content/1/9/e1500206#BIBL
14 of which you can be accessed free: cites 56 articles,This article 
trademark of AAAS 
otherwise. AAAS is the exclusive licensee. The title Science Advances is a registered 
York Avenue NW, Washington, DC 20005. Copyright is held by the Authors unless stated
published by the American Association for the Advancement of Science (AAAS), 1200 New 
 (ISSN 2375-2548) publishes new articles weekly. The journal isScience Advances
 o
n
 O
ctober 16, 2015
http://advances.sciencem
ag.org/
D
ow
nloaded from
 
